X-ray diffraction studies of oriented gels and electron microscope studies of stained sections of the CA~P~NAS strain of tobacco rattle virus are described. The X-ray diffraction patterns are similar to those obtained by Finch 0965) and are interpreted in the same way. They show that the virus has a helical arrangement of protein subunits of pitch 25"5 + 0"5 ~ and that there is an integral number (3q+ I), in three turns of the helix. The cylindrically averaged diameter is 205 _+ 5 3`. The electron miscroscope studies show that the particles pack together with a centre-tocentre distance of 203 _+ to 3` in the dried state. Two dark an~ular rings, of radii 41 + 2 3` and 80 + 4 A, are seen in the transverse sections. The larger of these probably represents the radial position of the nucleic acid.
INTRODUCTION
There are a number of different strains of tobacco rattle virus (TRV), and some of these are more closely related serologically than others (Harrison & Woods, I966) . On the basis of their serological reactions, Harrison and Woods classified the various strains into three groups: the BRITISH and NETHERLANDS strains, the UNITED STATES strains, and the CAMPINAS strain, which originates from Campinas, Brazil. A similar classification may be made on the basis of the electrophoretic properties of the capsid protein of the viruses (Miki & Okada, 197o) . All preparations of TRV contain rods of two different lengths: short rods which have different lengths in different strains, and vary between 52o and I I4o 3`, and long rods, which have a more similar length in different strains, and lie in the range I85o to I97o 3`. In the CAMPINAS strain, the modal length of the short rods is 520 A and of the long rods, ~97o 3` (Harrison & Woods, I966) . The short and long particles of a particular strain are serologically indistinguishable. Only long particles are infective but the production of stable virus particles in inoculated plants requires both long and short particles (Lister, I966) .
Information about the structure of TRV particles has been obtained by a number of physical techniques. The earliest of these was electron microscopy, which showed that the particles were cylindrical and also revealed the two lengths of particles (Brandes & Paul, I957; Harrison & Nixon, r959; Nixon & Harrison, I959) . The diameter of both long and short particles was found to be about 250 3`. Nixon & Harrison (I959) showed that there were transverse bands on the particles, of z5 3` spacing, suggesting a helical arrangement of subunits similar to that in tobacco mosaic virus (TMV). They also observed a hole down the axis of the particle, of about 40 3, in diameter. X-ray diffraction studies by Finch (I965) showed that the structure was indeed helical, with a helix pitch of 25 3`, and with an integral, or near integral, number of protein subunits in three turns of the helix. The X-ray studies also suggested an axial hole of about 40 3` in diameter.
V. TOLLIN AND H. R. WILSON
A detailed electron microscope study of a DUTCH strain of TRV by Offord (1966) was in agreement with Finch's X-ray diffraction results. The outside diameter of the particle determined by Offord was 256 A (+ 3 A). Offord also observed an annular feature at a radius of 82 h (_ 4 A) which be considered to be the possible radial position of the RNA.
A detailed comparisonof the dimensions of the particles from different strains shows that there are differences between the outer diameters, and also between the diameters of the axial hole (J. I. Cooper, personal communication).
METHODS
X-ray difl?action. Oriented gels of CAMPINAS TRV suitable for X-ray diffraction studies were made by diluting a centrifuge pellet of the virus with buffer solution at pH 7 until the solution showed extinction between crossed polaroids when sucked into a thin-walled quartz capillary tube (Bernal & Fankuchen, i94I ; Gregory & Holmes, ; 965) . X-ray diffraction patterns were obtained with pin-hole cameras of the type described by Langridge et al. (I 96o) , using nickel-filtered CuKa radiation. The specimen-to-film distance was about 57 ram.
Electron microscopy. In the X-ray diffraction studies of the flexible elongated viruses, narcissus mosaic virus and potato virus X, dried oriented specmiens have been used (Tollin et al. I967; Tollin, Wilson & Young, 1968; Wilson & Tollin, I969) . These dried specimens are particularly suitable for preparing ultrathin sections for electron microscopy. Similar dried specimens of CAMPINAS TRV were prepared and sections examined.
Dried specimens of virus were prepared by the coverslip method (Bernal & Fankuchen, I94~; Tollin et al. I968) . Pieces about o'5 mm. long, broken from these specimens, were fixed in glutaraldehyde and post-fixed with osmium tetroxide. The material was dehydrated in alcohol, stained with uranyl acetate during dehydration, embedded and sectioned. Sections were post-stained with lead citrate before examination in the electron microscope.
RESULTS

X-ray diffraction
The diffraction pattern from CAMVINAS TRV ( Fig. I ) is similar to that obtained by Finch (I965) and can be interpreted in the same way. The layer line spacing is 76"5 ~ (_+ ~'5 A), the pitch of the helix is 25. 5 ~ (_+ o'5 -~) and there are 3q+ I subunits in three turns of the helix. The equatorial diffraction is consistent with that from a particle with a cylindrically averaged external diameter of 2o5 & (+ 5 A) as shown in Table t . This is slightly smaller than the cylindrically averaged diameter of the particles in the strain studied by Finch.
There is a slight alternation in the intensity of the equatorial spots suggesting the presence
of an axial hole in the particle (Finch, 1965) . In the region between o.oi6 and o'o34 X-1 there are four peaks, and in the CAMPINAS pattern the outermost of these is very weak. If the same allocation of signs is taken for these peaks as by Finch, namely -+ -+ , then the weakness of this fourth peak suggests that the contribution due to the hole is still negative in that region. The first zero ofJl(x)/(x ) occurs at x = 3"83, and for a hole of diameter 36 X this corresponds to R ~-o'o339 ~-1. F o r a hole of diameter 4o X the zero would occur at Observations on structure of Campinas strain of tobacco rattle virus 437 R = o.o3o 5 ~-1. The observed peak occurs at R = o-o331 ~-1 suggesting that the axial hole diameter is not greater than 36 &. As in the diffraction pattern of the strain studied by Finch there are peaks on the third layer-line which suggest a marked feature in the virus particle at a radial position of about 83 ~ (see Fig. 3a ). These peaks are modulated by a function of larger periodicity.
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Electron microscopy
The stained sections cut perpendicular to the virus axis show the hexagonal packing of the virus particles in the dried specimens, and each particle shows two annular rings (Fig. 2) . There is often distortion of the particles and this is a compression artifact which is formed during the cutting of thin sections (Labaw & Rossmann, 1969) . Measurements of the electron micrographs, with a travelling microscope, were made in undistorted regions of the specimen, where the separation of particles was essentially the same along the three lines of contact, and where the rings in the viruses were circular. These measurements give a centre-to-centre distance of 2o3 ~, ( + IO ~,) between particles. The mean radius of the outer dark ring is 29 VIR 13 8o X ( + 4 A) and that of the inner ring is 41 ~ (+ 2 X). The larger of these is similar to the annular marking of radius 82 + 4 A observed by Offord (I966) in the DUTCH strain of TRV stained with phosphotungstic acid. In the electron micrograph of the phosphotungstic acidstained specimen (Offord, 1966, Plate X) , there is also a ring at about half this radius so that the staining with phosphotungstic acid is similar to that observed in the present studies.
Examination of the outer ring shows that it is apparently made up of discrete blobs. An enlargement of one particle shows this in Fig. 3 b. Although the blobs cannot be counted all the way round a ring, the number can be estimated to lie in the range 2o to 25, and this could correspond to the number of protein subunits per turn of the helix.
Where a virus particle has been sectioned parallel to its axis, four parallel dark bands are observed (Fig. 3 c) , the outer two corresponding to the outer ring. Discrete blobs can also be seen in some regions of the bands. These blobs may very well be artifacts of the staining procedure, but the distance of 26 3. between these blobs makes it tempting to suggest that they correspond to the turns of the helix of protein subunits.
DISCUSSION
The cylindrically averaged external diameter of the CAMPINAS particle suggested by the X-ray diffraction results is in very good agreement with the centre-to-centre distance between particles observed in the electroffmicrographs of the dried oriented specimens. The value is slightly less than that obtained by Finch (I965) from another strain, but a similar difference in outer diameter of particles from different strains is observed in electron micrographs of negatively stained particles (J. I. Cooper, personal communication). The cylindrically averaged diameter and the centre-to-centre distance in the dried specimens, however, is about 2o it less than the outside diameter determined for isolated particles, and suggests that the outside of the virus particle is grooved and that the particles interlock in the dried specimen. The diameter of the central hole suggested by the X-ray results is also in agreement with electron microscope results of negatively stained particles (J. I. Cooper, personal communication).
The modal lengths of the short and long CAMPINAS virus particles are 520 and 197o respectively, and the corresponding sedimentation coefficients are I59 and 3oo s (Harrison & Woods, I966 ) . By considering the TRV particles as prolate ellipsoids, Harrison & Klug (I966) have related the length and sedimentation coefficients for various TRV particles. This enabled them to determine the molecular weight of the whole virus particle. For the larger CAMPJNAS particle this gives a particle molecular weight of 50 x 106.
Various determinations of the molecular weight of the protein subunits in TRV have been made. These values differ considerably, depending mainly on the method of determination. Offord & Harris (1965) and Offord (1966) reported a subunit molecular weight of 24,000 for the DUTCH strain, based on amino acid analysis. Semancik (197o) reported a value of I9,OOO for NORTH AMERICAN strains, and Miki & Okada (197o) also obtain a value of I9,ooo for a number of strains, including CAMt'INAS. However, Lesnaw & Reichmann 097o), using the technique of polyacrylamide gel electrophoresis, obtained a subunit molecular weight of 27,500 for a NORTH AMERICAN strain. M. Mayo (personal communication) obtained a value of 24,oo0 for the CAMPINAS strain using the same technique.
Using arguments similar to those used by Offord (1966) and Harrison & Klug (1966) it is possible to relate the molecular weight of the protein subunit to the number of subunits per turn of the helix. If the length of the long CAMPINAS particle is taken as 197o ~ (Harrison & Woods, 1966) , and the pitch of the helix as 25 X, then there are 79 turns of the helix in the whole particle. Taking into account the 5 ~ RNA (Harrison & Nixon, I959) , the protein weight per turn of the helix is 6oi,27o. If the molecular weight of the subunit is 24,ooo, this gives 25 protein subunits per turn of the helix, and because the X-ray diffraction pattern shows that the structure repeats in three turns of the helix, the number would be 25~. However, if the subunit molecular weight is 19,ooo, the number per turn of the helix is 3 ~ ~. If the blobs on the outer ring in the electron micrographs do correspond to subunits then there is better agreement with the larger subunit molecular weight. The value of 251 subunits per turn, which follows from the larger subunit molecular weight value, is also in agreement with the electron microscope results of R. Markham and co-workers (reported by Finch, I965) on re-aggregated protein discs.
The RNA content of TRV has been reported as 5 ~ (Harrison & Nixon, I959) so that the molecular weight of the RNA of the larger CAMPINAS particle is 2-5 x ][05. If the nucleotide residue molecular weight is taken as 322 (Offord, I966) then there are approximately 98 nucleotides per turn of the helix. The number of nucleotides per turn of the helix, therefore, is twice that in TMV, and if the phosphate-phosphate distance is the same in the nucleic acid chains in the two viruses, then the radial position of the RNA in TRV should be approximately twice that in TMV, i.e. about 80 X. This is similar to the mean radius of the outer ring in the stained sections. It is possible, therefore, that the outer ring represents the radial position of the RNA; a conclusion which is similar to that of Offord (][966) . This interpretation of the outer ring leaves the inner one unexplained at present. The inner ring diameter is greater than the diameter of the central hole and may be due to staining of the protein.
If there is an integral number of nucleotide residues associated with each protein subunit, then the values of 98 nucleotide residues and 25~ protein subunits per turn suggest that this number is four in TRV. This compares with the value of three nucleotides per protein subunit in TMV. Because the ratio of nucleic acid to protein is the same in TMV and TRV the ratio of the number of nucleotide residues associated with a protein subunit in the two viruses is in the ratio of their protein subunit molecular weights. For a TRV protein subunit molecular weight of 24,000 this also suggests four nucleotide residues per protein subunit.
